The mouse has served as a model organism for genetics for over a century. Laboratory breeding generated many inbred strains with distinct characteristics that have been used in reverse genetic approaches to identify individual gene functions. In the last 20 years, genetic engineering has made the mouse an invaluable tool to address the function of specific genes in a targeted manner (forward genetics). For technical reasons, 129/Sv and C57BL/6 have become the most widely used strains in the analysis of knockout mice (http://www.jax.org/imr/imr_info .html/). In order to characterize the consequences of a null mutation, it is essential to also characterize the biology of the background wild-type strain, in particular when comparing results generated in different strains. When it was first observed that the EGF receptor knockout had strain-specific consequences (Sibilia and Wagner, 1995; Threadgill et al., 1995) , it became clear that mouse strains differ significantly and many similar reports have been published since. Furthermore, these findings underline the potential problems associated with analysis of mouse mutations on a mixed genetic strain background. However, the phenomenon has also led to the further elucidation of molecular pathways via identification of strain-specific modifier genes. Alternatively, systematic comparisons of wild-type strains should also provide some insight into the regulation of basic physiological processes as well as the mechanisms leading to strain-specific mutant phenotypes. In this study, we have compared mouse mammary gland involution in the 129/Sv and C57BL/6 inbred strains and report significant differences at the molecular level.
The mammary gland consists of a ductal tree of glandular epithelium and myoepithelial cells that is embedded in mesenchyme/stroma composed of mainly fibroblasts and adipocytes. All components are essential for appropriate development and function of the tissue (Howlett and Bissell, 1993; Wiseman and Werb, 2002) . The glandular tissue undergoes stages of proliferation, differentiation, and involution as dictated by the reproductive status of the animal. All stages of mammary gland development are under the control of peptide and steroid hormones Furth, 1999) . During pregnancy, extensive growth and differentiation of the mammary epithelium results in the lobuloalveolar development necessary for lactation. After the onset of lactation, maintenance of epithelial cells and continued milk synthesis require the frequent removal of milk. Cessation of milk removal that occurs during natural weaning or forced weaning initiate the process of mammary gland involution, which proceeds in at least two phases. In the first stage, the epithelial cells initiate programmed cell death. During the second stage, epithelial apoptosis is completed and the basement membrane is degraded by proteases. Extensive tissue remodeling takes place and redifferentiating adipocytes emerge again as the most prominent cell type. Morphologically, the gland reverts to the prepregnant state (Furth, 1999) .
We have analysed the involution process in mammary glands from mice of the C57BL/6NCr strain (Charles River Laboratories, Inc., Frederick, MD, USA) and the 129S1 substrain (own colony) of 129/Sv mice (http:// www.informatics.jax.org/mgihome/nomen/strain_129.shtml).
Experimentally, involution can be initiated in a controlled manner by removing the pups from the mother at mid-lactation (Quarrie et al., 1995) . Figure 1a shows representative images of tissue sections from different time points of involution. At 1 day after removal of the pups, the glands are still intact. Regression is evident on day 2 of involution with fat tissue reappearing and alveolar lumina filling with debris. By day 4, alveoli are completely collapsed. These stages of tissue remodeling proceeded similarly in both strains of mice. Quantification of tissue composition confirmed that the glands from the two strains are comparable during lactation (Figure 1b) . Likewise, on day 3 of involution, regression of the epithelial component and reemergence of adipocytes have progressed to the same extent in both strains (Figure 1c) .
We next analysed gene expression patterns on days 0, 1, and 3 of involution. The time points were chosen as representative based on pilot data (not shown). First, cytokeratin 18 (Krt1-18) expression was assessed as a measure of epithelial cell content. High levels of Krt1-18 were detected during lactation and on day 1 of involution. There was no significant difference between these time points consistent with the notion that epithelial cell apoptosis is just being initiated. On day 3, apoptosis and tissue remodeling have already progressed (Figure 1 ) and accordingly, Krt1-18 was significantly reduced (B6, Po0.001; 129: Po0.005). At all time points, Krt1-18 levels were comparable between C57BL/6 and 129S1 mice (P ¼ 0.052 at 3 d), in agreement with the morphological analysis that indicated similar kinetics of tissue remodeling ( Figure 1) .
As a marker for the first phase of involution, we analysed expression of the secreted protein clusterin (Clu; a.k.a. sulfated glycoprotein 2, apolipoprotein J). As described before (Strange et al., 1992; Lund et al., 1996) , Clu expression was induced on day 1 of involution and persisted into day 3 in both strains. However, induction of Clu was significantly lower in 129S1 mice (2.3-fold, P ¼ 0.007) compared to C57BL/6 mice (7.7-fold, Po0.001), in part due to a higher basal level during lactation. Clu is expressed in epithelial cells. Considering the histological data ( Figure 1 ) and Krt1-18 expression, any changes in RNA levels detected between days 0 and 1 are likely due to specific regulatory responses rather than altered tissue composition. How- Females were mated at approximately 7 weeks of age and males were removed postcoitum. Litters were standardized to four pups at birth because 129S1 mice tend to deliver small litters. The pups were removed on day 7 of lactation to initiate involution (Strange et al., 1995) . One abdominal mammary gland per mouse was fixed in 10% neutral buffered formalin and sections stained with hematoxylin and eosin. For quantifications, two pictures per gland were taken at Â 50 magnification from three mice per strain and time point. The areas occupied by adipocytes were identified manually and quantified by the public domain NIH Image program (http://rsb.info.nih.gov/ nih-image/). Epithelial cells were identified and quantified by the Density Slicing module of the Openlab imaging software program (Improvision, Inc.). Statistical analysis using an independent groups ttest on the common logs of the reported values indicated no significant differences. All animal experiments were conducted in compliance with the guidelines of the Animal Care and Use Committee of the National Cancer Institute Involution in 129S1 and B6 mice M Thangaraju et al ever, expression levels on day 3 correspond to significantly altered tissue composition. When normalized to Krt1-18 expression, Clu was about threefold induced by day 3 (over day 1) in 129S1 mice and fivefold in C57BL/ 6 mice (not shown).
Expression of matrix metalloproteinase 3 (Mmp3; a.k.a. stromelysin-1, transin) and tissue plasminogen activator (Plat; a.k.a. tPA) was used to assess phase two of involution (Strange et al., 1992; Lund et al., 1996) . Both genes were significantly induced on day 3 in the two strains, consistent with the histologically evident tissue remodeling (Figure 1 ). There was no strainspecific difference in Plat kinetics, although C57BL/6 mice expressed higher levels on day 3. However, Mmp3 responded earlier and more robustly in C57BL/6 mice, which displayed 5.4-fold induction already on day 1 (Po0.001) compared to sixfold in 129S1 only by day 3 (P ¼ 0.011). In summary, the C57BL/6 mice displayed more dynamic patterns with higher rates of induction for the markers Clu, Mmp3, and Plat, and Mmp3 levels began to rise earlier in C57BL/6 mice. However, the gene dosage differences between the strains did not appear to affect general tissue remodeling (Figure 1 ). The kinetics of gene expression were overall similar confirming that phase one and two of involution are relatively comparable between 129 and B6 mice.
The integration of death and survival signals determines the fate of a cell and tissue. The dramatic tissue regression during involution is in part due to extensive cell death within the epithelial cell compartment. Many laboratories have investigated the regulation and function of genes during the involution process (Furth, 1999) . The Bcl2 gene family encodes proteins that are key regulators of apoptosis, which possess either proapoptotic or antiapoptotic activity (Gross et al., 1999) , and that have been shown to participate in the regulation of the involution process Jager et al., 1997; Schorr et al., 1999a) . Therefore, we have analysed the expression pattern of some members of the Bcl2 family as representative examples (Figure 2) . Interestingly, the 129S1 strain generally exhibited few significant variations in gene expression throughout the time course, whereas C57BL/6 displayed again a more dynamic pattern of induction and repression of individual genes. For example, Bax levels peaked higher and later in C57BL/6 glands compared to 129S1. Bak levels stayed relatively constant in 129S1 glands but peaked and declined again in C57BL/6 mice. However, the most striking difference was found in the expression of the Bcl2a1 gene (a.k.a. Bfl-1), which becomes significantly downregulated on day 1 of involution in the glands of C57BL/6 mice, but not at all in those of 129S1 mice. Induction as well as suppression of Bcl2a1 expression on day 1 of involution have been reported previously (Schorr et al., 1999a, b) . To verify our results, we employed an independent Northern analysis, which confirmed expression during lactation with significant downregulation only on day 1 of involution specifically in C57BL/6 mice ( Figure 3 , P ¼ 0.004). Similar results were obtained using another three independent mice (data Figure 2 Comparison of gene expression in involuting mammary glands of 129S1 and C57BL/6 mice. Northern analysis of abdominal mammary glands from three mice per strain and indicated time points of involution (see Figure 1 for experimental details) using cDNA probes specific for cytokeratin 18 (Krt1-18), clusterin (Clu), tissue-type plasminogen activator (Plat), and matrix metalloproteinase 3 (Mmp3). Phosphorimage quantification (ImageQuant) was normalized to cyclophilin (arbitrary units) whose expression level is comparable across samples (not shown). Asterisks indicate statistically significant differences between strains per time point (*Po0.05, **Po0.01). For each gene, a two-way fixed effects ANOVA with STRAIN and TIME as factors and the common log of the expression values as the dependent variable was first performed. If the interaction effect was significant, then independent groups t-tests were employed to compare strains at each time point. For analysis of differences between time points within one strain (see text), a one-way ANOVA was first run with TIME as the grouping. Pairwise comparisons were then carried out by means of the Tukey HSD, Bonferroni and Games-Howell (only if variances were unequal) procedures Involution in 129S1 and B6 mice M Thangaraju et al not shown). Thus, our data suggest a potentially important role for Bcl2a1 in the regulation of mammary epithelial cell death specifically in C57BL/6 mice. Bcl2a1 inhibits the proapoptotic activity of other Bcl2 members (Werner et al., 2002) , permits cell proliferation, and cooperates with oncogenes in transformation (D'SaEipper and Chinnadurai, 1998). Thus, downregulation of antiapoptotic Bcl2a1 may permit epithelial cells to undergo cell death. On day 3, Bcl2a1 expression returned to the level seen during lactation. In view of the changed tissue composition on day 3 compared to days 0 and 1, this expression may reflect highly induced levels in epithelial cells and/or in adipocytes of either strain. Bcl2a1 also suppresses apoptosis induced by the tumor suppressor Trp53 (D' Sa-Eipper et al., 1996) and its expression may itself be regulated by Trp53 (O'Reilly et al., 2000) . This observation prompted us to investigate expression of the proapoptotic Trp53 gene. Figure 3 shows that Trp53 mRNA levels were dynamically regulated in mammary glands of C57BL/6 mice but stayed relatively constant in 129S1 mice during the course of involution. Notably, there was a significantly higher level of expression during lactation in 129S1 glands compared to C57BL/6 (P ¼ 0.007). Therefore, the induction on day 1 of involution is approximately 20-fold in C57BL/6 mice (Po0.001) but only twofold in 129S1 mice (not statistically significant). Both strains appear to exhibit a significant reduction of expression on day 3 compared to day 1 (B6: Po0.001, 129: Po0.02). However, when normalized to Krt1-18 expression (Figure 4) , Trp53 levels remained constant in 129S1 mice and were only 0.6-fold reduced in C57BL/6 mice (not shown). The peak of Trp53 expression on day 1 coincides with the downregulation of Bcl2a1 in Figure 3 Comparison of Bcl2 family gene expression in involuting mammary glands of 129S1 and C57BL/6 mice. RNA was isolated from abdominal mammary gland tissue at the indicated time points of involution and subjected to multiprobe ribonuclease protection assays as described (Hodge et al., 2002) , using the mAPO-2 multiprobe template set (PharMingen). Data shown are the phosphoimage quantifications of the indicated genes' expression levels in two mice per strain normalized to L32 expression (arbitrary units). Equivalent data were obtained when normalized to GAPDH expression, which did not change across samples (not shown) Figure 4 Comparison of gene expression in involuting mammary glands of 129S1 and C57BL/6 mice. Northern analysis of three mice per strain and the indicated time points of involution using cDNA probes specific for Bcl2a1, Trp53, Cebpd, and Cebpb. Data were normalized to cyclophilin expression. See Figure 2 for experimental details Involution in 129S1 and B6 mice M Thangaraju et al C57BL/6 mammary glands, indicating tight control of gene expression of apoptosis regulators specifically in this strain of mice.
Another gene family with specific expression patterns in the mammary gland are the Cebp genes (Takiguchi, 1998) . DeWille and co-workers reported that in FVB/N mice, Cebpd (a.k.a., C/EBPd, CRP3, CELF, NF-IL6b) is expressed early in involution, while Cebpb (a.k.a., C/ EBPb, NF-IL6, IL6-DBP, AGP/EBP, CRP2, LAP, NF-M) is expressed subsequently (Gigliotti and DeWille, 1998) . Results from overexpression of either Cebpd sense or antisense RNA in a mouse mammary epithelial cell line showed that Cebpd promotes growth arrest and apoptosis (O'Rourke et al., 1999) . In fact, mice that lack Cebpd exhibit mammary gland ductal hyperplasia (Gigliotti et al., 2003) . On the other hand, Cebpb is essential for proliferation and differentiation of mammary epithelial cells in vivo as revealed by gene knockout studies Seagroves et al., 1998) . In this study, we found that Cebp genes in C57BL/6 mice respond similarly to those of FVB/N mice (Gigliotti and DeWille, 1998) , while 129S1 mice display different patterns of expression (Figure 3) .
In C57BL/6 mice, Cebpd expression begins to rise 6 h after removal of the pups (data not shown) and is strongly induced (13.5-fold, Po0.001) by 24 h of involution. Expression begins to decline by 36 h after removal of the pups (data not shown) and on day 3 is significantly lower than during lactation (P ¼ 0.002). As already seen for Trp53, 129S1 mice exhibited significantly higher levels of Cebpd during lactation (P ¼ 0.002) as well as in virgin mice (data not shown). There was no significant induction of Cebpd expression on day 1 of involution and expression therefore was lower than in C57BL/6 mice. Cebpd levels dropped significantly by day 3 of involution (Po0.02 for both strains). However, when normalized to Krt1-18 expression, Cebpd levels remained unchanged on day 3 over day 1 in 129S1 mice and dropped only 0.3-fold in C57BL/6 mice (not shown).
Cebpb mRNA expression was induced subsequent to Cebpd at 48 to at least 96 h of involution specifically in C57BL/6 mice ( Figure 3 , P ¼ 0.004; and data not shown). Interestingly, the Cebpb gene appeared completely refractory to the involution process in 129S1 mice. Although, when normalized to Krt1-18 expression, Cebpb was also induced fourfold by day 3 of involution in 129S1 mice (20-fold in C57BL/6, not shown). However, in addition to its role in mammary epithelial cells, Cebpb is also expressed in adipocytes and participates in adipogenesis . Cebpb expression increased at the same time as adipocytes repopulate the mammary gland. Immunolocalization or cell separation would be required to identify if expression of Cebpb occurs in epithelial cells or in redifferentiating adipocytes. In either case, the elevated levels of Cebpb are observed in FVB/N (Gigliotti and DeWille, 1998) and C57BL/6 mice, but not in 129S1 mice despite similar kinetics of tissue organization (Figure 1) . C57BL, 129, and BALB/c mice share a common origin but all three split into independent lines at the beginning of the last century. FVB/N mice belong to the apparently separate group of Swiss mice (Beck et al., 2000) . With respect to Cebp gene expression, the 129S1 strain differs from FVB/N and C57BL/6 and may thus be the one that deviates from 'normal'. This may be due to specific genetic alterations, which are presently unknown. With respect to Trp53, mRNA expression is induced by day 1 of involution and persists until day 8 in Swiss mice (Strange et al., 1992) and at least until day 7 in BALB/c mice (Jerry et al., 1998) . These data are different from the transient induction we have observed in C57BL/6 mice and the lack of induction in 129S1 mice. Thus, the expression patterns vary significantly over at least three different strains, but are similar in the supposedly unrelated Swiss and BALB/c mice. These data suggest that in addition to microsatellite markers and phenotypic characterizations, comparisons of dynamic expression data might also contribute to the delineation of strain genealogies.
The activity of all these genes' products is also regulated at the protein level. Thus, mRNA gene expression patterns alone cannot tell us how apoptosis is exactly executed in the129S1 and the C57BL/6 strains, respectively. However, the differences in mRNA expression patterns between these strains as reported in this study may be indicative of underlying differences in hormonal regulation and cellular responses. Also, the more dynamic responses of C57BL/6 during the first phase may permit the earlier induction of Mmp3 expression. These strain-specific differences must be considered when analysing the functions and interactions of a particular gene of interest in either strain. In fact, our data suggest that the importance of specific genes in the involution process may differ between B6 and 129S1 and possibly other strains. The two strains presented here were chosen specifically because they are the ones used in gene targeting technology and the associated expression analyses. For example, a gene deletion of Cebpb or Cebpd may have a significant effect on involution in C57BL/6 mice but none or a different one in 129S1 mice. In fact, it has been shown that the role of Trp53 in involution is strain specific. A null mutation of Trp53 has no effect on a 129B6 mixed genetic background , but leads to delayed involution of the mammary gland when on the BALB/c strain background (Jerry et al., 1998) . This selective phenotype is consistent with the prolonged induction of high levels of Trp53 (Jerry et al., 1998) and extended first phase of involution (Lund et al., 1996) in wild-type BALB/c as opposed to 129S1 and C57BL/6 mice (see above). Alternatively or additionally, the point mutation of the p16INK4a gene harbored by BALB/c mice, which contributes to the plasmacytoma susceptibility of this strain, may cooperate with Trp53 deficiency to produce a delayed involution phenotype (Zhang et al., 1998; Zhang et al., 2001) .
In summary, we found that gene expression patterns during involution are more dynamic in C57BL/6 mice when compared to 129S1 despite similar kinetics of tissue remodeling. In particular, we identified high rates of Cebpd and Trp53 induction with concomitant downregulation of Bcl2a1 expression during the first phase of involution specifically in C57BL/6 mammary glands but not in 129S1. Our study underlines the importance of the mouse strain background for expression analyses and consequently mutational analysis in mice. The data further suggest that gene expression patterns between mice representing different hybrids, such as frequently used in genetically modified mice, may vary significantly. In particular, this should be relevant to the interpretation of large-scale gene expression studies such as microarray analyses.
